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稻土（24˚45' 22''N，118˚4' 2''E），采用铵盐无机盐（Ammonium mineral salt，AMS）培养基
[16]（每升培养基包括 MgSO4·7H2O 0.10 g，CaCl2·2H2O 0.14 g，NH4Cl 0.21 g，KH2PO4 0.272 
g，Na2HPO4 0.284 g，Na2·EDTA 2.0 mg，FeSO4·7H2O 4.0 mg，ZnSO4·7H2O 1.6 mg，MnCl2·4H2O 
0.06 mg，H3BO3 0.06 mg，CoCl2·6H2O 0.4 mg，CuCl2·2H2O 1.2 mg，NiCl2·6H2O 0.04 g，
Na2MoO4·2H2O 0.1 mg）。2 g 土壤分散于 5 mL 无菌水后的悬液转移至培养基中，甲烷（25%，
v/v）作为电子供体，氧气（15%，v/v）作为电子受体于恒温震荡摇床培养（150 r·min-1，30℃），




土  壤  学  报 




水铁矿（10 mmol·L-1）作为电子受体，采用 AMS 培养基培养（150 r·min-1，30℃），培养
体系的顶空用高纯氮曝气 5 min 制造缺氧环境。 
1.2 水铁矿合成及扫描电子显微镜（SEM）表征方法 
实验中所用的无定形水铁矿制备方法简述如下[17]：在搅拌条件下，1 mol·L-1 KOH 溶液
逐滴地加入 0.2 mol·L-1Fe(NO3)3 溶液中至 pH 为 7.3（避免局部 pH 过高），静置 2 h 后再滴




射线能谱分析（EDX）元素分布，观察电压和电流分别为 5 kV、10 µA 和 20 kV、15 µA。 
X-射线衍射分析（XRD）：矿物用超纯水清洗 3 遍，真空冷冻干燥后于 X 射线衍射仪
（X'Pert Pro 型，荷兰帕纳科公司）测试，测试条件为：Cu-Ka 辐射，电压为 40 kV，电流








000 g，5 min）后去掉上清液，沉淀于-20℃储存 24 h 后溶解于 0.1 mol·L-1 NaOH 溶液中，




丝电极，参比电极是 Ag/AgCl（饱和 KCl 溶液），电解液为磷酸盐缓冲溶液（KH2PO4 0.272 
g·L-1，Na2HPO4 0.284 g·L
-1，pH 6.8）。测试前，电解液通过高纯氮曝气 30 min 以除去氧气，
并在测试期间一直保证氮气气氛。将培养好的甲烷氧化菌群离心（5 500 g，5 min，4℃）收
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集菌体，用磷酸盐缓冲溶液重悬菌体，离心（5 500 g，5 min，4℃）后去掉上清液，反复清
洗 3 次以去除菌体表面的分泌物，滴加菌体于工作电极表面至菌体表面形成膜状层，测定菌
体的电化学信号，菌液离心获得的上清液用于测定电化学信号。微分脉冲伏安（Differential 
pulse voltammetry，DPV）测定参数：电势范围-0.6 V～0.4 V；电势增量 0.004 V；脉冲振幅
0.05 V；脉冲宽度 0.2 s；脉冲周期 0.5 s；静置时间 28 s[20]。 
1.5 微生物群落结构分析 
收集水铁矿还原前后的甲烷氧化菌群的菌体，使用土壤 DNA 提取试剂盒（PowerSoil 
DNA Isolation Kit，德国）提取 DNA，通过引物 CCTACGGGNGGCWGCAG（341F）和
GGACTACHVGGGTATCTAAT（806R）对 V4、V5 区进行扩增，基于 Illumina Miseq 平台
PE250 测序[21]，序列基于 data2 方法[22]进行可执行操作单元（Operational taxonomic units，
OTU）聚类，通过 QIIME2 [23]软件进行多样性分析和物种注释：去除低质量读数（短于 100 
bp 或质量得分低于 25 的）；按样品中 小测序深度 9 734 进行序列均一化；通过加权矩阵







学活性特征。如图 1 所示，菌体（图 1A）在-85 mV 和-23 mV 附近各有一个氧化峰，在-12 mV
附近有一个还原峰，表明菌体表面存在氧化还原活性蛋白，能与电极进行直接电子传递。甲
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图 1 甲烷氧化菌群中菌体、上清液和培养基的微分脉冲伏安图 
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注：Fe(II)/Fe(T)表示二价铁与总铁的摩尔比。下同 Note: Fe(II)/Fe(T) is the molar ratio of Fe(II) to total iron. The 
same below 
图 2 甲烷氧化菌群在“氧气-铁矿”电子受体共存时氧气、铁矿和生物量的变化 
Fig. 2 Variations of oxygen, ferrihydrite and biomass in the methanotroph groups in the presence of both 








矿从初始的不定型铁矿（图 3A 插入图），形成了菱形片状结构（图 3A）。EDX 能谱元素
分析（图 3B）表明甲烷氧化菌群还原水铁矿生成的次生矿物由 Fe、O、P 三种元素组成，




EDS 能谱和 SEM 形貌特征，初步判断体系中主要生成了蓝铁矿。 
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图 3 甲烷氧化菌群“氧气-铁矿”电子受体共存实验组中次生铁矿形貌表征(图 C 中 020、130、031、231、
051、080 代表蓝铁矿的晶面） 
Fig. 3 Morphological characteristics of the secondary iron mineral in the reaction system with oxygen and 
ferrihydrite as electron acceptors ( 020, 130, 031, 231, 051 and 080 represents number of crystal planes of 
















图 4 含碳化合物的上清液驱动铁矿还原及次生铁矿形貌表征 
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Fig. 4 Iron reduction driven by supernatant containing carbon compound and morphological characteristics of the 




氧体系铁矿还原速率 0.05 mmol·L-1·d-1（以 Fe(II)计，下同）虽然低于高氧体系的铁矿还原
速率 0.16 mmol·L-1·d-1，但是，相比于 ANME 型缺氧甲烷氧化矿物还原速率（0.001 






图 5 缺氧条件下甲烷氧化菌群的铁矿还原 
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 图 6 甲烷氧化菌群的群落组成分析 
Fig. 6 Microbial composition analysis of the methanotroph groups 
3 结 论 
从湿地中富集的以变形菌门甲烷氧化菌为主导的菌群具有直接和间接胞外电子传递潜
力，甲烷氧化菌群可利用水铁矿作为电子受体在缺氧环境中完成甲烷氧化过程，其铁矿还原
速率是 ANME 型厌氧甲烷氧化古菌的 50 倍，由 γ-Proteobacteria 纲的甲烷氧化菌和非甲烷氧
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       Abstract   【Objective】 Methanotrophs, using methane as carbon and energy sources for 
growth, play an important role in keeping balance of global methane in balance and controlling 
greenhouse effects. The process of bio-oxidation of methane spans over different redox niches. Recent 
researches demonstrate that methanotrophs. Belonging to the phylum of Proteobacteria have the 
potential of methane metabolism in anoxic niches of wetland, however so far little has been reported on 
mechanisms of their energy metabolism. This study was to explore mechanism of the energy 
metabolism of the Proteobacteria dominated methanotrophs in anoxic niches from three aspects.
【Method】Bioelectrochemical techniques were used to explore potential of extracellular electron 
transfer of the methanotrophs. In exploring for potential electrons of the methanotrophs, the reaction 
system, when aerobic, was designed to have two potential electron acceptors, i.e. oxgyen and 
ferrihydrite and when anoxic, only one, i.e. ferrihydrite to study energy metabolism of the 
methanotrophs in anoxic conditions. Mineralogy analysis of the ferrihydrite in the system was 
performed to determine reduction dynamics of the mineral and structure of its secondary mineral. And 
analyses of community composition of the methanotrophs before and after reduction of the ferrihydrite 
were conduction to determine changes in the community.【Result】Results show that the methanotroph 
groups were able to transfer directly or indirectly extracellular electrons. Once oxygen was used up, the 
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methanotrophs could keep on their energy metabolism by making use of ferrihydrite as electron 
acceptor. In the anoxic condition, the methane-oxidizing bacteria could reduce the iron mineral 50 
times as fast as the ANME (Anaerobic methanotrophic archaea) anoxic methanotrophic archaea, and 
the secondary mineral were tentatively found to be vivianite via SEM (Scanning electron microscope), 
EDS (Energy disperse spectroscopy) and XRD (X-ray diffraction) analysis. Based on the principal 
component analysis of the methanotroph groups, the microbial community varied in composition 
relative to mode of energy metabolism. Comparison of the methanotroph groups at the phylum level 
found that in the hyperoxic systems, γ-Proteobacteria in reduced ferrihydrite increased up to 56% in 
relative abundance, and Methylococcales became the only one species of methanotroph in phylum, 
while in the anoxic systems, γ-Proteobacteria decreased down to 6% in relative abundance, but 
α-Proteobacteria increased up to 31%. 【Conclusion】In the anoxic systems, methanotrophic bacteria 
(γ-Proteobacteria) and non-methanotrophic bacteria worked together driving iron reduction. This study 
has revealed the process of energy metabolism of the Proteobacteria dominated methanotroph groups, 
and developed the theory of methane oxidation driven by NC10 bacteria and ANME archaea in anoxic 
environment, and hence provide certain theoretic support to future studies on bio-control of methane 
prodction. 
       Key words   Methanotrophs; Proteobacteria; Extracellular electron transfer; Anoxic niches; 
Microbial omics 
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